Introduction
============

Several clinical and preclinical studies have shown that pharmacological modulation of dopamine receptors has analgesic properties: levodopa administration in human beings was shown to alleviate the pain caused by several different conditions,[@b1-jen-10-2016-051],[@b2-jen-10-2016-051] while in animal models, the intrathecal administration of levodopa was shown to be particularly effective in pain relief.[@b3-jen-10-2016-051],[@b4-jen-10-2016-051] Pharmacological studies have shown that the analgesic effect of the dopaminergic system is specific to the activation of D2/3 receptors and not D1 receptors.[@b5-jen-10-2016-051],[@b6-jen-10-2016-051] More importantly, this analgesic effect was shown to be particularly effective when drugs were administered in the dorsolateral striatum, nucleus accumbens, or prefrontal cortex.[@b7-jen-10-2016-051] The majority of studies suggest that the analgesic effect results from increased monoaminergic neurotransmission acting on the spinal cord,[@b8-jen-10-2016-051]--[@b11-jen-10-2016-051] which is supported by the observation that spinal dopaminergic terminals are able to modulate nociceptive transmission[@b12-jen-10-2016-051],[@b13-jen-10-2016-051] and enhance the antinociceptive effect of other monoamines.[@b14-jen-10-2016-051] On the other hand, several studies have also suggested that generalized dysfunction in forebrain dopaminergic condition is correlated with chronic pain severity[@b15-jen-10-2016-051]--[@b17-jen-10-2016-051] and that the central effects of dopamine may override the peripheral role.[@b18-jen-10-2016-051]--[@b20-jen-10-2016-051]

However, it is also known that these dopaminergic drugs affect motor activity when administered at dosages that have analgesic effect,[@b21-jen-10-2016-051] and many non-pain-related studies have shown that modulation of dopamine receptors at the same dosage affects both exploratory and goal-oriented movements.[@b22-jen-10-2016-051],[@b23-jen-10-2016-051] Since the majority of behavioral tests used to determine the analgesic efficacy of a substance depends on the timing of motor responses (eg, by observing if that drug increases or decreases the time to generate a pain-evoked withdrawal body movement, and attributing the difference in time to a change in painful threshold of sensitivity), special care is needed to assure that the analgesic effect is due to a reduction in pain perception and not caused by motor impairment blocking the withdrawal response. Given the important side effects of dopamine-related drugs on movement, it is important to detail the interaction between movement and analgesia in animal models of pain. Thus, the aim of the present study was to perform a detailed dose-dependent analysis of the effects that systemic administration of a D2/3 agonist and antagonist have on locomotor activity and in pain perception of both thermal and mechanical stimuli in adult rats.

Materials and Methods
=====================

Animal model and ethical statement
----------------------------------

Experiments were performed in Sprague Dawley adult male rats (weighing 275--320 g; Charles River Laboratories). The animals were housed in collective cages (two per box), and kept on a 12 hour light/dark cycle with ad libitum feeding and hydration regimen. All experimental procedures were performed at approximately the same time each day during the light portion of the cycle. All experiments were performed in accordance with the guidelines of the European Union directive (2010/63/CE) and with the Research and Ethical Issues of the International Association for the Study of Pain. The experimental protocols were approved by the local Ethical Committee for Animal Use and National DGAV Board (Lisbon, Portugal). All efforts were taken to minimize the number of animals used in this study.

Spared nerve injury
-------------------

Rats were anesthetized with a ketamine/medetomidine mixture (75 and 0.5 mg/kg in saline, respectively, i.p.) and subjected to the spared nerve injury (SNI) model[@b24-jen-10-2016-051] of neuropathic pain (SNI group, *n* = 10) or to a sham intervention (sham group, *n* = 10), involving the same extent of skin and muscle dissection. Briefly, SNI surgery consists of the ligation and transection of the tibial and common peroneal branches of the sciatic nerve while sparing the sural nerve. After surgery, rats were allowed to recover for 21 days before behavioral sessions began. During this recovery period, each animal was placed in the testing room daily to adapt to the laboratory environmental conditions.

Dopamine D2/3 receptor neuromodulators
--------------------------------------

Each experimental group of animals (sham or SNI) was split into two groups that received either the dopamine D2/D3 receptor agonist quinpirole hydrochloride (0.01, 0.05, 0.1, 0.5, and 1 mg/kg i.p.) or the dopamine D2/D3 antagonist raclopride tartrate (0.01, 0.05, 0.1, 0.5, and 1 mg/kg i.p.), injection volume of 1 mL/kg body weight. Both quinpirole and raclopride were purchased from Sigma-Aldrich, and the different drug concentrations were prepared in physiological saline solution under aseptic conditions. The saline solution (0.9% w/v NaCl) was the first tested administration, followed by ascending larger concentrations of quinpirole or raclopride, with a time-window interval of 48 hours between each drug dose injection; retesting of naïve exploration of the open field was performed 24 hours after each injection, to check the effect of drug washout over the motor activity. After each injection, animals remained in a holding cage for 30 minutes before initiating behavioral testing.

Nociceptive and motor activity testing
--------------------------------------

Before the initiation of the behavioral tests, each animal was subjected to a habituation period to the experimenter handling and exposed to the different testing apparatuses (2 daily sessions of 30 minutes during 5 consecutive days). During the habituation period, noxious stimuli were not delivered to the animals.

### Locomotor activity performance

The dose-dependent effects on locomotor activity were evaluated using a squared open-field arena. The total dimension of the arena was 45 × 45 cm, with opaque walls 40 cm high; open-field arenas of this size are routinely used in rat studies since larger arenas are prone to more anxious behavior.[@b25-jen-10-2016-051] The arena floor was divided into 25 squares of equal size. To measure locomotor activity, each animal was placed in the arena central square and the number of squares crossed by all four paws were quantified during five minutes. Additionally, the number of vertical exploratory movements performed by the animals was also quantified (rearings, standing on their rear limbs accompanied by sniffing behavior). After testing each rat, the open-field arena was cleaned with a 30% v/v ethanol solution.

### Von Frey test

The sensory threshold for noxious stimulation was assessed by placing the animals in a small chamber with metal mesh floor and touching the plantar surface of the left hindpaw with Von Frey filaments (Somedic). The protocol used in this study has been described previously.[@b26-jen-10-2016-051] A testing session for a particular rat began after habituation or as soon as the rat stopped exploring and appeared acclimatized to the testing environment.

### Paw pressure test

A Randall-Selitto analgesiometer (Ugo Basile) was used according to described protocol.[@b27-jen-10-2016-051] Briefly, a constant increasing pressure exerted by a blunt conical probe, controlled by a mechanical device, was applied to a small area of the surface of the rat hindpaw. Mechanical pressure was increased until vocalization or a withdrawal reflex threshold occurred. Reflex thresholds were expressed in grams. The measurements were repeated several times in order to obtain two consecutive values that did not differ more than 10%. To avoid injury, a cutoff value of 250 g was used.

### Tail-flick test

Tail-flick latency was tested with the Ugo Basile apparatus (model 37360). The rats were restrained in hard plastic tubes covered with a dark cloth, and after acclimatization, an infrared light was directed to three different points in the middle portion of the tail. A flick of the tail was considered as a sign of thermal nociception.[@b28-jen-10-2016-051] The measurements were repeated three times using an interval of three minutes between them. Values are expressed as the mean of measurements. To avoid tissue damage, the cutoff was set at 10 seconds.

### Paw flick test

To assess limb withdrawal latency to radiant heat, rats were placed on an elevated glass plate, and radiant heat (52°C) was applied from below unto the plantar surface (Plantar Test Apparatus; Ugo Basile). Paw withdrawal latency was measured automatically with a cutoff latency of 20 seconds. Three measurements spaced by one minute were performed in the left hindpaw, and the withdrawal latency of each animal was expressed as the mean value of measurements.[@b29-jen-10-2016-051]

Data analyses
-------------

All averaged values are given as the mean ± SEM. The Kolmogorov--Smirnov test (with Dallal--Wilkinson--Lilliefor corrected *P*-value) was used to validate the normal distribution of the datasets. Comparisons between experimental groups and drug doses are based on a repeated measures (RM) two-way analysis of variance (ANOVA) with post hoc Bonferroni test. Statistical significance was accepted at the level of 0.05. Statistical analyses were performed using the software Prism 6.0, GraphPad.

Results
=======

Modulation of D2/3 receptors suppresses exploratory motor activity
------------------------------------------------------------------

Using separate groups of animals per drug (*n* = 5 adult male Sprague Dawley rats per group), we tested the effect that systemic administration of escalating doses of a D2/3 agonist and a D2/3 antagonist causes over exploratory movement in an open-field arena. The results revealed that almost all used doses of quinpirole and raclopride suppress locomotor activity of the rats when compared with the baseline saline administration ([Fig. 1](#f1-jen-10-2016-051){ref-type="fig"}). Quinpirole injections caused a dose-dependent effect in the reduction of total distance traveled by the animals in the open-field arena (RM two-way ANOVA, group × drug dose: no interaction effect, *F*~(5,40)~ = 1.50, *P* \> 0.05; no group effect, *F*~(1,8)~ = 0.0, *P* \> 0.9; significant dose effect, *F*~(5,40)~ = 15.43, *P* \< 0.0001; Bonferroni post hoc tests of statistically significant differences for each drug dose are plotted in [Fig. 1A](#f1-jen-10-2016-051){ref-type="fig"}). There was also a similar significant dose-dependent effect in the reduction of locomotion after raclopride administration (RM two-way ANOVA, group × drug dose: significant interaction effect, *F*~(5,40)~ = 3.33, *P* \< 0.5; no group effect, *F*~(1,8)~ = 0.36, *P* \> 0.5; significant dose effect, *F*~(5,40)~ = 47.14, *P* \< 0.0001; Bonferroni post hoc tests of statistically significant differences for each drug dose are plotted in [Fig. 1B](#f1-jen-10-2016-051){ref-type="fig"}). Interestingly, statistical analysis revealed that quinpirole equally changes locomotion of both control and neuropathic rats at all tested dosages, while raclopride at the dose of 0.05 mg/kg has a distinct effect on each experimental group ([Fig. 1B](#f1-jen-10-2016-051){ref-type="fig"}). We note that the repeated exposure of the animals to the same open-field arena may potentially lead to a progressive reduction in movement; however, we note that our protocol only analyzes the first 5 minutes of locomotion after entering the arena, and we specifically tested this effect by retesting all animals 24 hours after each drug administration and found that the results in these 5 naïve sessions were not statistically different from baseline locomotion.

We also quantified the number of rearings each rat performed during the open-field test, since this is a common indicator of exploratory activity of the animal.[@b30-jen-10-2016-051] Injection of quinpirole caused a dose-dependent reduction in the total number of rearings (RM two-way ANOVA, group × drug dose: no interaction effect, *F*~(5,40)~ = 2.04, *P* \> 0.05; no group effect, *F*~(1,8)~ = 1.24, *P* \> 0.1; significant dose effect, *F*~(5,40)~ = 27.18, *P* \< 0.0001; Bonferroni post hoc tests of statistically significant differences for each drug dose are plotted in [Fig. 1C](#f1-jen-10-2016-051){ref-type="fig"}). There was also a similar significant dose-dependent effect in the reduction of rearings after administration of raclopride (RM two-way ANOVA, group × drug dose: no interaction effect, *F*~(5,40)~ = 1.35, *P* \> 0.1; no group effect, *F*~(1,8)~ = 2.19, *P* \> 0.1; significant dose effect, *F*~(5,40)~ = 24.65, *P* \< 0.0001; Bonferroni post hoc tests of statistically significant differences for each drug dose are plotted in [Fig. 1D](#f1-jen-10-2016-051){ref-type="fig"}).

SNI neuropathic model facilitates behavioral responses to noxious stimulation
-----------------------------------------------------------------------------

The comparison of pain-related responses between sham and SNI animals at baseline conditions (ie, after saline administration) shows that the SNI model effectively induces allodynic and hyperalgesic conditions. After SNI, there was a significant reduction in somatosensory mechanical threshold of withdrawal to the Von Frey stimulation (sham: 66.20 ± 6.49, SNI: 9.50 ± 0.50; *n* = 10 per group; *t*~(18)~ = 8.70, *P* \< 0.001), a significant reduction in somatosensory mechanical threshold of withdrawal to paw pressure (sham: 115.0 ± 6.83, SNI: 55.50 ± 4.56; *n* = 10 per group; *t*~(18)~ = 7.24, *P* \> 0.001), and a significant reduction in painful threshold for thermic stimulation of the paw (sham: 15.97 ± 0.97, SNI: 11.29 ± 0.84; *n* = 10 per group; *t*~(18)~ = 3.65, *P* \> 0.01). We found no significant difference of pain threshold between sham and SNI animals in what concerns thermic stimulation of the tail, not directly affected by the lesion of the sciatic nerve (sham: 12.77 ± 1.19, SNI: 10.13 ± 0.62; *n* = 10 per group; *t*~(18)~ = 1.97, *P* = 0.065).

Motor impairment affects both neuropathic and control animals
-------------------------------------------------------------

More importantly, our results show that the two drugs affect locomotion and exploration in a very similar way in both control and neuropathic animals. Paradoxically, there was also a significant increase in the number of rearings executed by control animals after administration of quinpirole at 1 mg/mL; this is in agreement with the small increase in the total traveled distance that was also observed in the control animals after administration of quinpirole at 1 mg/mL ([Fig. 1A](#f1-jen-10-2016-051){ref-type="fig"}). The effect of quinpirole at 1 mg/mL violates its otherwise effect of motor suppression; other studies have also shown that pharmacological modulation of D2/3 receptors have a U-shaped efficacy curve in locomotion, in which large doses have opposite effects to those of small doses.[@b31-jen-10-2016-051]

We observed no decrease in mechanical or thermal pain perception after the administration of quinpirole ([Fig. 2](#f2-jen-10-2016-051){ref-type="fig"}). Only the smallest dose tested (0.01 mg/mL) showed a nonsignificant decrease in pain response in three of the sensory tests ([Fig. 2B--D](#f2-jen-10-2016-051){ref-type="fig"}), while the 1 mg/mL dose caused enhanced response in the sham animals ([Fig. 2B](#f2-jen-10-2016-051){ref-type="fig"}; sham, 1 mg/mL vs saline, Bonferroni, *t*~(40)~ = 3.17, *P* \> 0.01). Moreover, the dose-dependent effects caused by quinpirole were very similar between control and neuropathic animals.

In contrast to the results observed after quinpirole administration, the i.p. injection of raclopride was able to decrease responses to painful stimulation, particularly at larger doses ([Fig. 3](#f3-jen-10-2016-051){ref-type="fig"}). Injection of raclopride caused a dose-dependent increase in mechanical threshold in the Von Frey test (RM two-way ANOVA, group × drug dose: interaction effect, *F*~(5,40)~ = 2.58, *P* \< 0.05; dose effect, *F*~(5,40)~ = 17.71, *P* \< 0.001; sham, 1 mg/mL vs saline, Bonferroni, *t*~(40)~ = 5.57, *P* \< 0.001; SNI, 0.5 mg/mL vs saline, Bonferroni, *t*~(40)~ = 3.11, *P* \< 0.05; SNI, 1 mg/mL vs saline, Bonferroni, *t*~(40)~ = 4.30, *P* \< 0.001; [Fig. 3A](#f3-jen-10-2016-051){ref-type="fig"}), in the tail-flick test (RM two-way ANOVA, group × drug dose: no interaction effect, *F*~(5,40)~ = 1.84, *P* \> 0.1; dose effect, *F*~(5,40)~ = 6.98, *P* \< 0.001; SNI, 1 mg/mL vs saline, Bonferroni, *t*~(40)~ = 3.41, *P* \< 0.01; [Fig. 3C](#f3-jen-10-2016-051){ref-type="fig"}), and in the paw flick test (RM two-way ANOVA, group × drug dose: no interaction effect, *F*~(5,40)~ = 1.05, *P* \> 0.1; dose effect, *F*~(5,40)~ = 3.35, *P* \< 0.05; SNI, 0.5 mg/mL vs saline, Bonferroni, *t*~(40)~ = 3.40, *P* \< 0.01; [Fig. 3D](#f3-jen-10-2016-051){ref-type="fig"}).

Discussion
==========

It is widely known that systemic administration of D2/3 receptor agonists cause a strong depression on exploratory movement in a dose-dependent manner,[@b32-jen-10-2016-051],[@b33-jen-10-2016-051] in contrast to the usual increase in forward locomotion observed after administration of nonselective dopamine agonists.[@b34-jen-10-2016-051] The same important effect of movement suppression was also confirmed by optogenetic stimulation of D2--expressing neurons in the dorsal striatum.[@b35-jen-10-2016-051] The depression in locomotion is thought to be due to the inhibition of striatal dopamine release mediated by presynaptic D2/3 receptors.[@b36-jen-10-2016-051] However, given the complex interactions that depend on receptor selectivity, pre- or postsynaptic activity, and the motivational component of the movement, it is difficult to predict the actual effect on movement that will result from a particular drug and dosage.[@b37-jen-10-2016-051]

In this study, we used more than one nociceptive test to assess the influence of dopamine receptors on pain perception: two tests evaluated sensitivity to mechanical painful stimulation (Von Frey filaments: withdrawal response to the awareness of a hidden stimulation at rising degrees of force; Randall--Selitto: withdrawal response to overt stimulation at rising degrees of pressure), while two tests evaluated sensitivity to thermal painful stimulation using an infrared light beam focused on either the tail or one hindpaw. In common, all tests are dependent on motor responses to mark sensitivity thresholds, and this is a known drawback in the assessment of analgesic drugs that may also alter voluntary muscle activation.[@b21-jen-10-2016-051],[@b22-jen-10-2016-051] The mechanical tests use increasing stimuli and are, therefore, capable of distinguishing allodynic vs hyperalgesic conditions. The four tests were performed in quick succession immediately following the 5-minute open-field test: total testing time for each animal was kept under 25 minutes.

These results are in contrast to previous animal and human studies that suggest an antinociceptive effect of D1/D2/3 or D2/3 agonists.[@b5-jen-10-2016-051] However, it must be noted that other studies have also shown paradoxical results of D2/3 activation, in which a short analgesia was followed by prolonged hyperalgesia, in a dose-dependent manner.[@b38-jen-10-2016-051] Moreover, it must be noted that the most robust analgesic effects of D2/3 agonists are observed after either intrathecal or intracranial administration rather than after systemic administration.[@b7-jen-10-2016-051],[@b21-jen-10-2016-051],[@b39-jen-10-2016-051] There are two important protocol differences between the present study and other comparable studies that tested the analgesic effect of pharmacological modulation of dopamine D2/3 receptors: first, we used a neuropathic model that has little inflammatory component, and the testing of pain responses began only 21 days after the onset of the nerve injury, while the majority of studies tested the analgesic effi-cacy after acute pain or during the early onset of pain models; and second, we tested pain responses only after 30 minutes after the drug administration, since it is known that quinpirole causes increase in locomotion for extended periods,[@b22-jen-10-2016-051] while the majority of other studies tested the effect immediately following injection. This increase in voluntary activity is probably the cause for the increased responses to painful stimulation that is observed following the injection of the higher doses of quinpirole. Finally, the controversy may be resolved by better understanding the molecular difference between human and rodent tissues with different analgesic response from systemic analyses using next-generation sequencing technologies.[@b40-jen-10-2016-051]--[@b42-jen-10-2016-051]

However, it must be noted that the decrease in nocifensive responses induced by raclopride are most probably a result of the reduced movement of the animals, rather than a strict analgesic effect; in fact, both control and neuropathic animals showed parallel curves of diminished responsiveness to stimuli applied in the painful and nonpainful ranges ([Fig. 3A](#f3-jen-10-2016-051){ref-type="fig"}). Our observation of diminished locomotion and exploration following higher doses of raclopride ([Fig. 1B and D](#f1-jen-10-2016-051){ref-type="fig"}) is in good agreement with several studies that have demonstrated the cataleptic effect of D2/3 antagonists.[@b36-jen-10-2016-051],[@b43-jen-10-2016-051]

Conclusions
===========

Our present results highlight the importance of controlling for movement side effects, when performing pharmacologic studies of analgesic efficiency. The majority of tests for pain perception in preclinical models are based on nocifensive responses to stimuli, and drugs that diminish voluntary movement and body awareness may result in analgesia-like behavior. Our experiments suggest that modulation of D2/3 receptors does not have significant analgesic efficacy when administered at doses that do not interfere with general animal alertness. Thus, the present results raise the importance of careful design of pain perception testing in animal models, and the need to further distinct between restoration of normal behaviors and restoration of normal somatosensory perception.
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![Locomotor activity. Effect of different doses of quinpirole (**A**, **C**) and raclopride (**B**, **D**) in distance traveled (**A**, **B**) and rearing activity (**C**, **D**) in the open-field arena. Black dots represent control animals (sham), and white dots represent animals with a peripheral nerve injury (SNI). Gray shaded area represents vehicle administration. Each point represents mean ± SEM. Statistical differences between saline injection and each drug concentration is separated per experimental group (RM two-way ANOVA followed by Bonferroni test: sham group, ^\*^*P* \< 0.05, ^\*\*\*^*P* \< 0.001; SNI group, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001).](jen-10-2016-051f1){#f1-jen-10-2016-051}

![Effect of quinpirole in pain-related behavior. Effect of different doses of quinpirole in normal (sham) and neuropathic rats (SNI), submitted to nociceptive tests of mechanical and thermal painful stimulation. Paw withdrawal thresholds of the left hind paw in the Von Frey test (**A**) and in paw pressure test (**B**). Thermal thresholds measured by radiant heat response applied to the tail (**C**) and to the hind paw (**D**). Gray shaded area represents vehicle administration. Each point represents mean ± SEM. Statistical differences between saline injection and each drug concentration is separated per experimental group (RM two-way ANOVA followed by Bonferroni test: sham group, ^\*^*P* \< 0.05).](jen-10-2016-051f2){#f2-jen-10-2016-051}

![Effect of raclopride in pain-related behavior. Effect of different doses of raclopride in normal (sham) and neuropathic rats (SNI), submitted to nociceptive tests of mechanical and thermal painful stimulation. Paw withdrawal thresholds of the left hind paw in the Von Frey test (**A**) and in paw pressure test (**B**). Thermal thresholds measured by radiant heat response applied to the tail (**C**) and to the hind paw (**D**). Gray shaded area represents vehicle administration. Each point represents mean ± SEM. Statistical differences between saline injection and each drug concentration is separated per experimental group (RM two-way ANOVA followed by Bonferroni test: sham group, \*\*\**P* \< 0.001; SNI group, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001).](jen-10-2016-051f3){#f3-jen-10-2016-051}
